Purpose: MRI-negative epilepsy patients could benefit from advanced imaging techniques such as high-resolution diffusion magnetic resonance imaging (dMRI). Our aim was to perform hippocampal subfield-specific tractography and quantify connectivity of the subfields in MRI-negative patients. Abnormal connectivity of the hippocampal subfields may help inform seizure focus hypothesis and provide information to guide surgical intervention. Methods: Hippocampal structural imaging and dMRI was acquired in 25 drug resistant MRI-negative patients and 25 healthy volunteers. The hippocampi of each subject was segmented on high-resolution structural images and dMRI-based probabilistic tractography was performed in each subfield. The degrees of connectivity and fiber densities of the hippocampal subfields were quantified and compared between epilepsy patients and healthy volunteers. Results: We were able to perform subfield-specific hippocampal tractography in each subject that participated in this study. These methods identified some hippocampal subfields that are abnormally connected in MRI-negative patients. In particular patients suspected of left temporal seizure focus exhibited increased connectivity of certain ipsilateral subfields, especially the subiculum, presubiculum, and parasubiculum, and reduced connectivity of some contralateral subfields, such as CA1 and subiculum. Conclusions: Our data suggest that the hippocampal subfields are connected in distinct ways in different types of epilepsy. These results may provide important information that could help inform seizure focus hypothesis and in the surgical treatment of MRI-negative patients. These observations suggest that high-resolution dMRI-based tractography of the hippocampal subfields can detect subtle abnormalities in otherwise normal-appearing MRInegative patients.
Introduction
Epilepsy is a common neurological disease, affecting roughly 1% of the population. [1] Approximately 30%-35% of all epilepsy patients have drug resistant epilepsy (DRE) and their seizures cannot be controlled with medications [2, 3, 4, 5] . Neurosurgical intervention is a wellestablished treatment for patients with DRE [6] . Successful resection of a seizure focus depends electrophysiologic and clinical data as well as lesion identification on pre-surgical magnetic resonance imaging (MRI).
However, approximately 25% of epilepsy patients remain "MRI-negative", with no identifiable lesion or abnormality on clinical scans at 1.5 or 3 T field strengths [7, 3, 8, 9] . MRI-negative patients are less likely to achieve seizure freedom after surgical intervention than are MRI-positive patients, and generally have worse prognoses [10, 11] .
Localizing the seizure onset zone in MRI-negative patients is especially difficult, and may require intracranial monitoring using subdural grids or stereoelectroencephalography (SEEG) depth electrodes to provide spatial information about seizure foci and propagation https://doi.org/10.1016/j.seizure.2018.09.005 Received 17 May 2018;  Received in revised form 29 August 2018; Accepted 12 September 2018 pathways [7, 12] . Placements of electrodes are determined using noninvasive tools such as MRI, angiography, and scalp EEG [7, 12] . Interestingly, MRI-negative epilepsy can be effectively treated with resective surgery or laser ablation if intracranial monitoring successfully localizes the seizure focus [7, 12] . The absence of a visible lesion on clinical imaging scans does not necessarily mean the absence of a focal epilepsy network, and further investigation of the epileptic network could improve surgical planning and ultimately outcome for MRI-negative patients.
Since focal epilepsy has received increasing recognition as a network disease, identifying nodes within the network that contribute to seizure activity is an important area of investigation [14, 15] . The hippocampus, an archicortical structure in the medial temporal lobe that is composed of cytoarchitecturally distinct subfields, is recognized as a node often involved within epileptic networks. Although small-world network models of epilepsy have demonstrated that individual subfields within the hippocampus participate in seizure activity in different ways [16] , the hippocampus has traditionally been treated as a single structure in imaging and clinical settings [16] . The introduction of ultra-high field MRI scanners, coupled with recent software and imaging development has enabled automated segmentation of the hippocampus in vivo [17, 18, 19] . Previous studies employing segmentation have found subfield-specific volumetric differences in epilepsy patients compared with healthy volunteers, suggesting that certain subfields may be more susceptible to changes caused by the disease than others and/or that lesions in certain subfields may contribute differently to the seizure mechanism [18, 19] . In addition to gross volumetric analysis, understanding of connectivity patterns of differing hippocampal subfields may reveal important details regarding epileptogenic abnormality of the subfields. However, such an analysis has not been performed to elucidate changes that may exist in epilepsy patients.
Diffusion magnetic resonance imaging (dMRI) is a powerful MRI modality that enables the noninvasive in vivo mapping of white matter microstructure [20, 21] . Myelination of neuronal axons restricts the direction of diffusion, such that water molecules diffuse along the long axis of the fibers more rapidly than they do on the transverse axes [22] . This so-called anisotropic water movement can be used to model the fiber orientation distribution within the white matter tracts, derive measures of fiber integrity, and quantify connectivity between brain regions [22] . Ultra-high field scanners, such as those operating at 7 T, provide increased signal to noise ratio (SNR), benefitting dMRI resolution [22] , and enabling quantification of hippocampal subfield connectivity.
Since the hippocampus is often the target of epilepsy surgery, characterization of hippocampal subfield connectivity may have significant implications for neurosurgical treatment, especially in temporal lobe epilepsy patients. The extent of temporal resection varies between surgeons, and depends upon variable factors including results of scalp EEG, intracranial EEG, and the preoperative amobarbital (Wada) test [2] . While a more extensive temporal resection maximizes the chances of seizure freedom, it also carries the risk of more severe memory and cognitive deficits [2] . Conversely, less aggressive resection reduces the risk of cognitive deficits but also reduces the likelihood of complete seizure freedom. 2 In addition to the procedures listed above, intraoperative electrocorticography (ECoG) is sometimes used to perform a more tailored resection of the hippocampus, however the prognostic value of this method remains controversial [2] .
The purpose of this study was to apply 7 T tractography in epilepsy patients in a subfield-specific manner to measure subtle hippocampal connectomic changes that may occur as part of their disease profiles. Although the hippocampus is primarily composed of gray matter it also contains white matter neurocircuitry that project to limbic and cortical regions, and ex vivo rodent studies have suggested that different regions of the hippocampus exhibit distinct diffusion profiles [13] . In this study, we investigate hippocampal subfield connectivity related to the suspected seizure foci. Subfield-specific connectivity findings have not yet been reported in epilepsy patients in vivo, but may provide insight into the anatomy of the seizure network, as well as provide valuable clinical information that could be used to help guide surgical intervention and predict outcomes. In particular, using markers of connectivity that can be quantified with dMRI may present a novel method of profiling abnormalities within certain hippocampal subregions, and help guide placement sites of both intracranial electrodes and tissue resection in epilepsy patients considered MRI-negative by conventional imaging techniques.
Methods

Participants
Twenty-five focal epilepsy patients [16 females with mean age of 31.2 years, standard deviation (SD) 8.7 years; 9 males, mean 33.9 years, SD 14.4 years] were recruited through their neurologist at the Epilepsy Center at Mount Sinai Medical Center. All patients were MRI-negative, without abnormality on preceding clinical scans (1.5 or 3 T) and were drug resistant. Suspected seizure focus, EEG data, and postsurgical Engel score [23] for patients who have undergone surgery are provided in Table 1 . Patients were age-and gender-matched with neurologically and psychiatrically healthy control participants [16 females: mean 31.7 years, SD 8.1 years; 9 males; mean 34.7 years, SD 12.5 years]. All participants provided written informed consent at the beginning of the study.
Imaging protocol
All participants were scanned under an Institutional Review Boardapproved protocol using a 7 T whole body scanner (Magnetom, Siemens Healthcare, Erlangen, Germany). A SC72CD gradient coil was used (G max = 70 m T/m, max slew rate = 200 T/m/s), with a single channel transmit and 32-channel receive head coil (Nova Medical, Wilmington, MA, USA). The MRI scan included a T 1 -weighted MP2RAGE sequence: TR = 6000 ms, TE = 3.62 ms, flip angle = 5°, field of view = 240 × 320 mm 2 , slices = 240, 0.7 mm 3 isotropic resolution, scan time = 7:26 min. A coronal-oblique T 2 -weighted turbo spin echo (T 2 TSE) sequence was included: TR = 6900 ms, TE = 69 ms, flip angle = 150°, field of view = 202 × 202 mm 2 , in-plane resolution 0.4 × 0.4 mm 2 , slice thickness = 2 mm, slices = 40, time = 6:14 min. A high-angularresolved diffusion-weighted imaging (HARDI) dMRI sequence was also performed with whole-brain coverage: b = 1200s/mm 2 , TR = 7200 ms, TE = 67.6 ms, 1.05 mm isotropic resolution, in-plane acceleration R = 3 (GRAPPA), reversed phase encoding in the AP and PA direction for paired acquisition in 68 directions, with a total acquisition time of 20 min.
Hippocampal subfield segmentation
Automated cortical reconstruction was performed on the T 1weighted images using the 'recon-all' function in the Freesurfer (http:// surfer.nmr.mgh.harvard.edu) image analysis suite version 6.0. After completing the cortical reconstruction, a multispectral segmentation of the hippocampal subfields [17] was performed using both the T 1weighted and the T 2 -weighted images (Fig. 1 ). The following subfields were segmented: subiculum, presubiculum, parasubiculum; CA1, CA3, CA4; hippocampal tail, hippocampal fissure; molecular layer, granule cell layer of dentate gyrus (GC-ML-DG), fimbria, hippocampal-amygdala transition area (HATA); and the whole hippocampus. Hippocampal subfield volumes were co-registered using nearest neighbor interpolation to dMRI images using Statistical Parametric Mapping 12 (SPM) in MATLAB (r2017a, The MathWorks, Natick, MA). Qualitative manual inspection of the subfield volumes was performed to ensure proper segmentation and co-registration was achieved.
dMRI processing
The dMRI pre-processing was done using the human connectome project (HCP) pipelines, adjusted to account for significant eddy currents. The pre-processing pipeline included skull-stripping, eddy current correction using FMRIB Software Library (FSL) (www.fmrib.ox.ac. uk/fsl) [24] , correction of gradient non-linearities using the HCP, and co-registration to the structural images from the Freesurfer pipeline. A 5-tissue segmentation of the T1-weighted image into gray matter, white matter, ventricles, non-ventricular cerebrospinal fluid and lesion(s) was performed using Freesurfer. This segmentation was used to create a grey-white matter mask, which was used to seed the anatomically constrained tractography. Constrained spherical deconvolution was used to calculate the fiber orientation distributions, and tensor metrics were obtained throughout the whole brain using MRtrix3 (Brain Research Institute, Melbourne, VIC, Australia). Whole-brain probabilistic tractography was performed using the iFOD2 [25] algorithm and SIFT in MRtrix3 to select 10 million streamlines. Whole-brain structural connectivity matrices were then generated. The default '3dcalc' function in AFNI [26] was then used to modify the standard Freesurfer parcellation image (Desikan-Killiany atlas) to substitute the constitutive hippocampal subfields for the whole hippocampus. The modified parcellation image was used to construct connectivity matrices that contained the number of streamlines between each hippocampal subfield and the rest of the brain. The workflow of the diffusion processing is shown in Fig. 2 . The degree of each subfield was determined by calculating the total number of streamlines connecting a particular subfield with every other region of the brain. The fiber densities of the subfields were then calculated by dividing the degree of the subfield by the subfield volume.
Statistical analysis
Statistical analyses were performed using SAS v9.4 (SAS Institute Inc, Cary, NC). The degrees of connectivity and the fiber densities of i) the total epilepsy group, ii) the temporal onset subgroup, iii) the left temporal onset subgroup, and iv) right temporal onset subgroup were all compared against healthy controls. Epilepsy subjects were individually matched with healthy control subjects with respect to age and gender. The within-pair difference was calculated for each subfield variable and then tested for whether the location of the median was zero using the two-tailed sign-rank test. The false discovery rate (FDR) correction for multiple comparisons was performed post-hoc. A p-value < 0.05 after the FDR correction was considered significant.
Results
Degree analyses of hippocampal subfields
A 3-dimensional rendering of the tractography is shown in Fig. 3 . Table 2 contains the hippocampal subfield degrees of connectivity. For the entire epilepsy group, the whole right hippocampus was significantly reduced in degree of connectivity (p = 0.03). The temporal onset group also showed reduced degree of connectivity in the whole right hippocampus (p = 0.05). Lastly, the left temporal onset group showed increased degree of connectivity in the left parasubiculum A schematic of the semi-automated tractography and hippocampal subfield fiber density calculation workflow. The dMRI image (A) was used to derive the fiber orientation distribution image (B1, with magnification inset B2), which was then used to perform whole-brain probabilistic tractography (C). The T1-weighted anatomical image (D) was used to determine the gray matter-white matter boundary (E) and to segment the hippocampal subfields (F). The hippocampal subfields were defined as seed points for tractography of the individual subfields (G) from which connectomes were defined (H).
(p = 0.04) and presubiculum (p = 0.04) as well as reduced degree of connectivity in the right subiculum (p = 0.04), CA1 (p = 0.03), and whole right hippocampus (p = 0.03). No significant effects were observed in the right temporal onset group (n = 5). Table 3 presents the fiber densities of each hippocampal subfield. The entire epilepsy group showed increased fiber density in the left presubiculum (p = 0.02). The left temporal onset group showed increased fiber density in the left subiculum (p = 0.05), presubiculum (p = 0.03), parasubiculum (p = 0.03), CA3 (p = 0.04), and CA4 (p = 0.04) as well as reduced fiber density in the right subiculum (p = 0.02), CA1 (p = 0.05) and whole hippocampus (p = 0.05). The temporal and right temporal onset groups showed no significant effects.
Fiber density analyses of hippocampal subfields
Discussion
We present a novel method of hippocampal subfield-specific tractography that we used to quantify structural connectivity of the hippocampal subfields in epilepsy patients who were MRI-negative at clinical field strengths. We leveraged the high isotropic dMRI enabled by 7 T MRI to probe the connectivity of the individual subfields with the hypothesis that their distinct cellular compositions may render some subfields more affected than others in epilepsy patients. Our results contribute to growing evidence that the subregions of the hippocampus are differentially affected in epilepsy. [18, 19, 27] While high-resolution dMRI has been used to perform tractography if the hippocampal subfields in rodent studies [13] , this is the first attempt to quantify subfield connectivity in epilepsy patients. The use of ultra-high field MRI to facilitate accurate segmentation of the hippocampus and to enable high-resolution dMRI could be valuable in research and clinical settings, not only with improving our understanding of the seizure anatomy of MRI-negative epilepsy, but also in providing novel information that could influence seizure focus hypothesis and inform neurosurgical intervention.
In the present study, we observed an increase in both degree of connectivity and fiber density of some left subfields in the patients with suspected foci in the left temporal lobe. While the entire epilepsy group also showed increased fiber density in the left presubiculum, the finding of increased connectivity in left subfields was most apparent in the left temporal patients. These patients exhibited increased degree of connectivity in the left presubiculum and parasubiculum, and increased fiber density in the left presubiculum, parasubiculum, and subiculum. The mechanisms behind epileptogenic activity are not fully understood, although there is evidence suggesting that DRE patients experience synaptic reorganization within certain cortical structures, such as the hippocampus. This restructuring of hippocampal circuitry is believed to contribute to synchronization of electrical activity between subfields, as well as hyperexcitability of the hippocampus. While mossy fiber sprouting within the dentate gyrus has been well documented, there is evidence that other hippocampal regions exhibit comparable reorganization in response to excitotoxic seizures [28] . Since the subicular complex is the main output of the hippocampal formation, its reorganization could contribute to seizure propagation and affect the switch between interictal and ictal activity [28] . Increased lamellar interconnectivity of the subicular complex with other subfields is believed to play an important role in synchronization of the hippocampal subfields [28] . Restructuring of the subicular regions consequent to repeated electrical insult could explain our finding of increased connectivity of the presubiculum, parasubiculum, and subiculum on the side of suspected seizure onset, and this report of increased connectivity among these regions in vivo is the first we are aware of. Further analysis with a larger sample size will be needed to corroborate this finding. Similar validation will be needed to confirm our findings of increased fiber density within the left CA3 and CA4 of left temporal onset patients, although these findings may instead reflect volume reduction in these two subfields, as they were not increased in degree of connectivity.
Conversely, left temporal patients showed reduced degree of connectivity and fiber density in the right subiculum, CA1, and the whole right hippocampus. Both the temporal onset group and entire epilepsy cohort also displayed reduced connectivity in the whole right hippocampus. Vulnerability of particular cell types to seizure-induced damage has been reported in certain hippocampal subfields [29] . Two subclasses of GABAergic interneurons, the somatostatin-and parvalbumin-expressing neurons, responsible for dendritic and perisomatic inhibition respectively, are susceptible to excitotoxic damage in temporal lobe epilepsy [30] . These neurons are mainly located in the hilus of the dentate gyrus and the stratum oriens of CA1, which could explain our finding of reduced degree of connectivity and fiber density of CA1 [31] . Other studies have shown that CA1 is particularly vulnerable to seizure-induced damage [32] . Interestingly, reduced CA1 connectivity was only observed contralateral to the suspected seizure focus in left temporal patients. Scanning more patients with temporal epilepsy will help to establish the mechanisms behind our overall finding of reduced connectivity of certain subfields contralateral to the suspected seizure focus, namely the subiculum and CA1, and increased connectivity of some subfields ipsilateral to the suspected seizure focus, especially as the subiculum, presubiculum, and parasubiculum.
The findings presented in this study may have important applications in neurosurgical planning. The extent of temporal lobe resection in epilepsy surgery varies between surgeons, and it is difficult to achieve the optimal balance of seizure freedom and preservation of cognitive function [2] . The present study offers hippocampal subfield-specific tractography as a novel imaging-based method that may provide advanced information about the connectivity and microstructure of the hippocampal subfields, potentially sparing non-implicated regions of the hippocampus or temporal lobe from resection. The results presented in this study may also benefit the planning of placement sites for intracranial electrode surgeries, since intracranial monitoring procedures employ minimally invasive techniques, and each additional electrode increases the risk of complications by only 0.18% [33] . Information about the structural connectivity of the hippocampal subfields provided by dMRI could help inform placement sites for SEEG electrodes by implicating regions of the hippocampus that otherwise appeared normal on presurgical imaging. Future investigation of this topic would benefit from precise placement of SEEG electrodes into hippocampal subfields shown to have significantly increased or decreased connectivity. Additionally, determining whether the extent of subfield connectivity alteration correlates with severity and/or duration of disease would be valuable, and is an area of future investigation. The logistical challenge of scanning non-lesional patients at 7 T resulted in a relatively low number of participants, especially considering the heterogeneity of epilepsy types investigated, which was the primary limitation of this study. Future investigations will include larger sample sizes in all seizure onset groups to ensure greater statistical power. We are also unable to discern whether the findings observed in this study were an effect of epilepsy or whether they were underlying causes that made the participants susceptible to seizure activity. One of the major findings in this study was increased connectivity of the major output gate of the hippocampus, the subicular complex, on the side of suspected seizure onset in left temporal epilepsy patients. Whether this is the main mechanism behind seizure activity in these patients, or merely a result of repeated electrical insult, is unknown and is an area of active investigation. Lastly, although dMRIbased tractography is progressively being incorporated into surgical planning, the technique has its own limitations, such as false positives partial volume effects. While these drawbacks are inherent to investigations of small structures such as the hippocampal subfields, we believe that the high spatial dMRI resolution minimized partial volume effects and allowed for an accurate first assessment of subfield connectivity in epilepsy patients. However, comparison with electrophysiology is still necessary to validate dMRI-based tractography findings and establish adequate reliability of this method to guide seizure hypothesis and neurosurgery [34] .
Conclusions
The predictive association between an identifiable hippocampal lesion, such as hippocampal sclerosis, and postsurgical seizure freedom in epilepsy patients has generated interest in developing novel methods of identifying 'abnormality' beyond traditional imaging protocols. A growing body of research suggests that despite normal appearing clinical scans, abnormalities may be detected in MRI-negative patients using advanced imaging techniques. [18, 19, 35] Indeed, there is much interest among seizure imaging researchers regarding the applications of ultra-high field MRI and advanced imaging modalities such as dMRI, functional MRI and magnetic resonance spectroscopy imaging to detect potential seizure foci in MRInegative patients [20, 35, 36] . MRI-negative patients with poorly understood epileptogenic foci could benefit from novel markers of abnormality that provide more accurate information than traditional imaging methods. In this study we aimed to measure the degree and fiber density of individual hippocampal subfields to quantify the overall connectivity of each. Despite being MRI-negative, the patients in this study revealed strong effects within certain hippocampal subfields. For seizure patients with non-diagnostic clinical imaging, ultrahigh field MRI might generate sufficiently high-resolution structural images that permit delineation of hippocampal subfield boundaries to i) guide high-resolution dMRI, and ii) measure the connectivity of the hippocampal subfields. Novel imaging modalities such as dMRI hold the potential to reveal subtle abnormalities not detectable with current clinical methods, which could aid in seizure focus hypothesis and influence neurosurgical intervention. 
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